This report summarizes the interconnect work being performed at Delphi. Materials were chosen for this interconnect project were chosen from ferritic and austenitic stainless steels, and nickelbased superalloys. The alloys are thermally cycled in air and a wet hydrogen atmosphere. The oxide scale adherence, electrical resistance and oxidation resistance are determined after longterm oxidation of each alloy. The oxide scale adherence will be observed using a scanning electron microscope. The electrical resistance of the oxidized alloys will be determined using an electrical resistance measurement apparatus which has been designed and is currently being built. Data from the electrical resistance measurement is expected to be provided in the second quarter.
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INTRODUCTION
The interconnect of an SOFC stack electrically and physically connects the anode of one fuel cell to the cathode of the adjacent fuel cell in the stack. The interconnect can be ceramic or metallic materials. The manufacturing cost of ceramic interconnects is prohibitive for economical use in SOFC stacks. Therefore, this project investigates metallic alloys for use as interconnects in SOFC stacks. This project is designed to determine the suitability of metallic alloys with and without coatings for the interconnect in SOFC stack technology for transportation applications. The SOFC stacks in these applications will be required to undergo 7000 thermal cycles in 10,000 hours of operation. The interconnect materials used for SOFC stacks must be electronically conducting, oxidation resistant, impermeable to the diffusion of gases, chemically stable with fuel cell materials, and the oxide scale formed must not spall from the substrate. Since SOFC stacks are thermally cycled, the oxidation resistance of the metallic alloys are being tested under thermal cycling conditions in both air and fuel atmospheres. Robust engineering arrays were designed to effectively and quickly assess metal alloy candidates and coatings for use as the SOFC interconnect material.
EXECUTIVE SUMMARY
This report describes the interconnect project work at Delphi for our SOFC stack program. The interconnect electrically connects the individual fuel cells in a stack so that the fuel cells can be operated in series. Since the there are two more interconnects in each stack than there are fuel cells, the economics of the interconnect are of great importance. Further, failure of an interconnect represents failure of the SOFC stack itself. The work at Delphi has concentrated on finding an economically feasible, manufacturable interconnect metallic alloy. The robust engineering studies in this project have been designed to quickly and efficiently assess the oxidation kinetics, oxide scale adherence and electronic resistance of the oxide scale formed on 12 different alloys and 4 different coatings in air and wet hydrogen under thermal cycling conditions. The results from this work will determine the best metallic alloy candidate and interconnect coating configuration for SOFC stacks for both bonded and compressive sealing strategies.
EXPERIMENTAL

Material choice
The metallic alloys chosen for this study include ferritic stainless steels, austenitic stainless steels, and Ni-based superalloys. The ferritic stainless steels are 409, 439, 434, Crofer 22, and a Sumitomo, Inc. alloy. The austenitic stainless steel is 302 SS. The nickel-based superalloys are Haynes 230, Haynes 242, and Inconel 718. The variety of alloys was chosen because of the differences in SOFC stack designs. Stack manufacturers with intimately bonded sealing designs use ferritic stainless steels for the interconnect material because of their better coefficient of thermal expansion (CTE) match to the fuel cell components. If a close CTE match is not accomplished throughout the heating and cooling range of the SOFC stack than shear forces can develop between the fuel cell and the interconnect. Shearing forces can lead to cracking and leaking of seals and eventual failure of the stack. This is of particular concern for brittle sealing materials that do not have the strength or ductility to accommodate the shearing forces. Stack manufacturers with compressive sealing designs can use the superior, oxidation resistance of nickel-based superalloys for the interconnect material. Since the compressive sealing design allows slip, shear forces between the interconnect and the fuel cell do not develop.
Sample preparation and testing protocols
Coupon samples of 2.85cm X 2.85cm were machined from the candidate materials. The thickness of the alloys varied from 0.005" to 0.030". The coupons are oxidized in air from room temperature to 800 o C in 20 minutes and then are cooled from 800 o C to room temperature in 8 hours. This heating and cooling schedule was chosen to mimic the thermal cycling expected in the Delphi SOFC stack. The coupons oxidized in the wet, 20%-hydrogen-argon atmosphere were heated from room temperature to 800 o C at 15 o C/minute and cooled at 5 o C/minute. Although the SOFC stacks will be thermally cycled more aggressively than this, the limitations of the hydrogen furnace make this the only possible heating and cooling schedule. 
Design of Experiment
Robust Engineering is a way of minimizing the losses of a system and maximizing its output, while exposing it to various stresses.
P-diagram
A parameter diagram (P-diagram) is a visual representation of the inputs and outputs of a robust study. The P-diagram includes the control factors, noise factors, inputs, outputs and unwanted outputs of an experiment. The P-diagram for this interconnect study is shown in Figure 3 . The control factors in a robust study are those factors which can or are economically feasible to control. The Noise factors are those factors which the system is to be designed to be robust against. For instance, those factors which are impossible or too expensive to control. For this study, the control factors are alloy composition, coating composition, and coating processes. The noise factor is over temperature. Over temperature was chosen as a noise factor because the SOFC stacks in transportation systems could experience an incident which would cause a momentary rise in stack temperature. Delphi would not want the power of an SOFC stack to decrease due to excessive resistance of the interconnects. Therefore, robustness against a 50 o C rise in stack temperature is necessary. 
Ideal function
The ideal function represents the optimized operation of the system. A system performs ideally when all the applied energy(input) is transformed to useable energy(output). Hence, an interconnect functioning ideally will exhibit no additional electronic resistance above that of the metal substrate. The ideal function for an interconnect is Y = Mβ.
Where y, the output response, is area-specific resistance. M, the input energy, is oxidation time at temperature. Figure 2 is the ideal function for this study. The interconnect material which minimizes β will be the optimum choice for the SOFC stack. As shown in Figure 2 , the β of this system has a non-zero origin point. The non-zero origin point will be taken into account during the analysis of the study results. 
Robust arrays
Three, L18, robust engineering arrays were designed for the study of the oxidation kinetics in air under thermal cycling conditions. Two of the robust arrays are designed to assess
• The oxidation kinetics of the metallic alloys at 800 o C in air under thermal cycling conditions
• The effect of platinum paste on the oxidation and electrical resistance of the alloys in air under thermal cycling conditions. • The spallation behavior of the alloys in the study. These arrays are shown in Figures 5 and 6 . The alloys are oxidized for 100 hours and then weighed and recorded. This occurs until 500, 2500, and 5000 hours of oxidation has occurred. One sample is removed and set aside at 500, 2500, and 5000 hours of oxidation for electrical and microstructural evaluation. Two arrays were necessary in order to accommodate the many alloy compositions in the study.
The third robust array shown in Figure 7 is designed to assess the effect of different coatings and coating processes on the oxidation kinetics and electrical resistance of the oxides and scales formed. The oxidation kinetics of the alloys in this study will be compared to their uncoated and platinum-coated counterparts in the two previous robust engineering arrays. Thus allowing the study of the effect of coatings and different coating processes on the oxidation kinetics, as well as, electrical resistance of the alloy substrates. The array incorporates colloidal spray, screen printing and filtered-physical vapor deposition (PVD) coating processes.
These processes were chosen for the varied interfacial reactions which occur between the substrate and the coating of these processes. This study will determine the effect of these processes and coating compositions on the adherence, oxidation rates, and electronic conduction of the scales formed on these alloys. The results of this study will be compared to the results of the pristine alloys shown in Figures 5 and 6 Figure 7 . Robust engineering array for the study of coatings and coating processes on the oxidation of the alloy substrates in air at 800 o C.
A fourth robust engineering array shown in Figure 8 was designed to assess • the oxidation kinetics of the pristine metallic alloys at 800 o C in a wet hydrogen-argon atmosphere under thermal cycling.
• the effect of nickel oxide (NiO) paste on the oxidation and electrical resistance of the alloys in a wet hydrogen-argon atmosphere under thermal cycling conditions. • the spallation behavior of the alloys in the study. Oxidation in the fuel atmosphere is important because of the presence of water in the fuel. High temperature oxidation in the presence of water vapor is known to significantly increase the oxidation rate of alloys.
i,ii,iii Further, the work of England and Virkar iv showed that the oxidation kinetics of some alloys is faster in the fuel atmosphere than the air atmosphere at 800 o C. In addition, they observed that the electronic resistance of the oxide scale formed in a wet hydrogen atmosphere was significantly greater than that formed in the air atmosphere. 
RESULTS AND DISCUSSION
The coupon samples are currently being oxidized in air and wet hydrogen. As the samples are removed from the test, they will undergo microstructural analysis and electrical resistance measurement. The coupon samples will be visually inspected for spallation. Cross-sections of a small portion of the samples will be mounted in epoxy, ground and polished for examination under a scanning electron microscope. Close examination of substrate/scale interface will be performed to determine the existence of cracks or delamination.
CONCLUSIONS
These robust engineering studies have been designed to quickly and efficiently assess the oxidation kinetics, oxide scale adherence and electronic resistance of the oxide scale formed on 12 different alloys and 4 different coatings in air and wet hydrogen under thermal cycling conditions. The results from this work will determine the best metallic alloy candidate and interconnect coating configuration for SOFC stacks for both bonded and compressive sealing strategies.
